Background
==========

The human immune system is a powerful tool which is able to detect both exogenous and endogenous threats, including signs of malignancy. Therefore, it has long been a goal of science and medicine to be able to harness the power of the body's own immune system to fight cancer. One rapidly growing approach to this problem has been to modulate immune regulatory mechanisms in order to augment an antitumor response. T-cell co-receptors present a potential target for drug development, as they can either promote or downregulate T-cell activation. Two inhibitory T-cell co-receptors, cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed cell death 1 (PD-1), along with its ligands programmed cell death ligand 1 (PD-L1) and 2, function through two independent signaling pathways to downregulate the immune system.[@b1-itt-6-073]--[@b3-itt-6-073] Normally, these regulatory receptors, or checkpoints, serve to retain balance between activity and quiescence in the immune system. Research has shown that CTLA-4 is involved in thymic T-cell maturation and peripheral inhibition or downregulation of T-cell activation, while PD-1 has been demonstrated to be directly involved in the peripheral tolerance of self-reactive T-cells which escape thymic deletion.[@b4-itt-6-073]--[@b6-itt-6-073] It is hypothesized that tumors effectively escape immune detection through strategies broadly termed "adaptive immune resistance", which is an area of active investigation. One such strategy involves inducing quiescence in tumor-reactive cytotoxic T-lymphocytes through the use of these inhibitory pathways.[@b7-itt-6-073] The related concept of T-cell exhaustion, mediated through these and other immune checkpoints, is theorized to play a role in immune quiescence in chronic infectious diseases. The interested reader is directed to two excellent recent reviews of the immune checkpoint pathways and the interplay with the microenvironment in both malignancy and chronic infectious diseases by Dyck and Mills and by Rao et al.[@b2-itt-6-073],[@b3-itt-6-073] Blocking these checkpoints via monoclonal antibodies designed to bind these regulatory receptors or their intended ligands "removes the brakes" on the immune system and has been proven to be effective with varying degrees of success in several primary tumor types. Five drugs in the immune checkpoint inhibitor (ICI) class have been approved for use against various malignancies to date, while work on the chronic infectious diseases front, although promising, has been largely preclinical.[@b2-itt-6-073],[@b3-itt-6-073],[@b8-itt-6-073],[@b9-itt-6-073] Currently, approved ICIs include the human IgG1 monoclonal antibody ipilimumab which targets CTLA-4, the humanized and fully human IgG4 monoclonal antibodies pembrolizumab and nivolumab which each target PD-1, the humanized IgG1 monoclonal antibody atezolizumab targeting PD-L1, and the recently approved human IgG1 monoclonal antibodies durvalumab and avelumab, which also target PD-L1. These drugs and many others which also target immune checkpoints are under ongoing investigation for expansion of their use to include a vast array of primary tumors, and in a landmark move by the US Food and Drug Administration (FDA), pembrolizumab has recently been approved for use in any solid tumor demonstrating a microsatellite instability-high or mismatch-repair-deficient genetic signature, thereby expanding the availability of ICIs to many more patients.[@b9-itt-6-073],[@b10-itt-6-073]

Immune-related adverse events (irAEs)
=====================================

Immune checkpoints are necessary for maintaining balance between activation and quiescence of the immune system and to suppress self-reactive T-cells. By blocking these checkpoints, ICIs disrupt this delicate balance and can lead to autoimmune-like events. This effect was first described in animal models of immune checkpoint blockade. For instance, CTLA-4-deleted mice developed T-cell dysregulation and demonstrated tissue damage such as myo-carditis and pancreatitis, and PD-1-deleted mice developed autoimmune diseases such as arthritis, glomerulonephritis, and autoantibody-positive dilated cardiomyopathy.[@b4-itt-6-073],[@b11-itt-6-073],[@b12-itt-6-073] Autoimmune-like side effects were first observed in humans during trials of ICIs targeting CTLA-4 and PD-1 and were termed irAEs. irAEs were encountered in early clinical trials of all ICIs and most frequently included colitis, interstitial pneumonitis, rash or other dermatologic findings, transaminitis, and endocrinopathies, although many other irAEs were described at much lower frequencies.[@b13-itt-6-073]--[@b21-itt-6-073] The reported rate of adverse events of any grade and any etiology related to treatment was \~70%--90% in these Phase I and II trials, but the majority of these adverse events were reported to be of grade 1 or 2 with grade 3 or higher irAEs occurring in up to 18% of patients.[@b13-itt-6-073]--[@b19-itt-6-073]

It can be difficult to compare rates of irAEs across clinical trials due to several factors. Foremost among these is the different classification criteria for adverse events used across different trials. Some trials described "treatment-related" events while others described "drug-related" events, and still others specifically described "immune-related" or "immune-mediated" events, which could either be individually investigator-determined or predetermined by a list of specific events of interest provided to ancillary investigators by the primary research team. A few trials classified events into more than one of these categories, with the overlap difficult to tease apart. Although raw data on adverse events were available in some texts and supplemental material, the fact that multiple adverse events could be reported in a single patient further complicates the interpretation of these data. Furthermore, trials which included very few patients were underpowered to detect infrequent events. Finally, the follow-up period and treatment doses both varied within and between trials which could have affected the rates of detection of irAEs among trials. Day and Hansen highlight some of these concerns in a recent review of irAE rate reporting in the literature.[@b20-itt-6-073]

With these challenges in mind, the rates of irAEs of any grade described in early Phase I and II trials of ipilimumab, nivolumab, and pembrolizumab were reported to be anywhere from 10% to 80%. irAEs of grade 3 or higher, however, were reported in only 2.5%--18% of participants.[@b13-itt-6-073]--[@b19-itt-6-073] Day and Hansen report similar numbers in their recent and thorough review of larger Phase III trials, with a majority of patients receiving ICIs reporting some type of treatment-related event (ranging from 58% to 96% of participants), but with substantially fewer grade 3 or higher adverse events (7%--59%). We can also see more clearly from their review of the literature that irAE rates are higher for CTLA-4 blockade than with PD-1 blockade.[@b20-itt-6-073] Rates of grade 3 or 4 drug-related adverse events also appear to be much higher for combinations of CTLA-4 and PD-1 blockade than for either of these classes given separately, with Phase I trials reporting these events in 53%--54% of participants as compared to 18%--24% of patients in these same trials who received only anti-PD-1 treatment; similar rates have been seen in other combination trials.[@b20-itt-6-073]--[@b24-itt-6-073] The difference in rates of irAEs that are reported between separate ICI agents is best explained by the different points in the T-cell activation process that the immune checkpoint targets occupy. That combination therapy targeting more than one checkpoint pathway would have a higher rate of irAEs seems to follow logically.

Atezolizumab, durvalumab, and avelumab are the newest ICIs to be approved by the FDA, but individual case reports of severe events have already emerged in the literature.[@b25-itt-6-073]--[@b27-itt-6-073] Rates of irAEs of grade 3--5 range from 1% to 9% across several Phase I and II studies released recently and appear to be lower than for other drugs in the ICI class, although this comparison also suffers from the limitations discussed above.[@b28-itt-6-073]--[@b35-itt-6-073] It will be important to revisit and confirm the irAE rates for these newer ICIs when data from larger Phase III trials become available.

Despite the wide range of reported rates and organ systems affected, the vast majority of adverse events attributed to immune-related etiologies were described as grade 1 or 2 and resolved with systemic corticosteroid treatment. Rarely, specific irAEs were described as requiring tumor necrosis factor (TNF)-alpha inhibiting agents or surgery for resolution (as in cases of severe or perforated colitis), or as being the direct cause of a participant's death.[@b13-itt-6-073],[@b15-itt-6-073],[@b16-itt-6-073] Since approval by the FDA of ICIs for use in various malignancies and at various lines of defense, independent case reports and characterizations of infrequent and severe irAEs have steadily streamed into the literature, and with them speculation as to the exact pathogenesis of these events, their predictability, and their correlation with tumor response. The discussion that follows will explore the various presentations of these events including the organ systems affected, the severity of events and their response to treatment, and autoantibody detection during and before irAEs. We will also briefly explore ICI treatment in patients with preexisting autoimmunity, the correlation between irAEs and tumor response, and finally, we will revisit the etiology of these adverse events in light of the evidence explored here.

Organ systems affected and timing of events
===========================================

The first feature of irAEs which is important to recognize is their indiscriminate nature. Mild to moderate irAEs of certain organ systems like the gastrointestinal tract, lungs, endocrine system, and skin, and nonspecific findings such as fatigue, were seen most often in initial trials of ICIs; severe events were seen only occasionally.[@b13-itt-6-073]--[@b19-itt-6-073] Case reports and case series outside of clinical trials have described some of the relatively more common dermatologic, gastrointestinal, and endocrine events, but case reports have also emerged detailing severe involvement of nearly every organ system and at every point in treatment. Onset of events has been described as close to initiation of ICI therapy as 8 days, and as remote as \>1 year, and the organ systems involved have included the central nervous system (CNS), cardiovascular system, musculoskeletal system, hepatic and renal systems, and even include myasthenia gravis, hemolytic anemia, sarcoidosis, and solid-organ transplant rejection.[@b25-itt-6-073]--[@b27-itt-6-073],[@b36-itt-6-073]--[@b80-itt-6-073] Therefore, awareness of only the initial, commonly reported cases or a selection of scattered independent case reports is not sufficient to prepare clinicians for the immediate and long-term surveillance for these events that is required to effectively mitigate these toxicities among their patients.

Severity of events and response to treatment
============================================

In addition to the vast heterogeneity of the organ systems affected and the timing of onset is the wide range of severity of these adverse events and their varied responsiveness to treatment. According to clinical trials of ipilimumab, pembrolizumab, and nivolumab, a majority of the observed irAEs were successfully treated with systemic corticosteroids, but this was not always the case.[@b13-itt-6-073]--[@b19-itt-6-073] In a clinical trial for a combination of ipilimumab and nivolumab in melanoma patients, 38% of patients with treatment-related adverse events received systemic glucocorticoids and 4% of patients experiencing a treatment-related adverse event required additional immunomodulators such as infliximab or mycophenolate mofetil.[@b22-itt-6-073] In a retrospective analysis of ICI-treated patients at their institution, Cappelli et al identified 13 patients who developed rheumatologic irAEs specifically. They went on to describe in detail the treatment required for each patient's inflammatory arthritis, sicca syndrome, or additional irAEs to enter remission. Many of these patients experienced resolution of one or more irAEs with various dosages and durations of corticosteroid treatment. However, four of these patients required additional treatment for remission of either colitis or inflammatory arthritis, including methotrexate, adalimumab, infliximab, and/or etanercept.[@b49-itt-6-073] Hofmann et al retrospectively reviewed irAEs due to nivolumab or pembrolizumab treatment reported across 15 centers in Germany and Switzerland noting that some of these events resolved without treatment, some events resolved or improved with corticosteroid or other treatment, and some events did not resolve. Of note, the events which did not require intervention were most commonly reported to be dermatologic in nature.[@b50-itt-6-073] Horvat et al describe their experience with irAEs in patients on clinical trials of ICIs at their institution and observed that \~10% of those treated with systemic corticosteroids for an irAE did not experience adequate resolution.[@b51-itt-6-073] The group recommend, based on their observations, that the threshold for initiating systemic corticosteroids should be low, and further that the threshold for escalating treatment to an anti-TNF-alpha agent should be considered as soon as a week into treatment with high-dose corticosteroids if symptomatic improvement is not seen.

Irreversible events
===================

At the more extreme end of the spectrum, there have been several reports of irAEs which have resulted in irreversible morbidities. Many individual cases and case series have been published thus far describing the irreversible nature of irAEs which have affected the endocrine system. In particular, the acute onset of diabetic ketoacidosis with resultant insulin-dependent diabetes mellitus has been described in several patients.[@b26-itt-6-073],[@b50-itt-6-073],[@b52-itt-6-073]--[@b55-itt-6-073] In addition, primary adrenal failure requiring hydrocortisone and fludrocortisone replacement has also been described.[@b56-itt-6-073] Ryder et al describe, in a retrospective review of primary clinical trial patients receiving ipilimumab or ipilimumab and nivolumab simultaneously at their institution, that the majority of observed endocrine irAEs (excluding thyroid dysfunction) did not recover endogenous hormone secretion.[@b57-itt-6-073] Hofmann et al noted 25 of the 33 reported cases of endocrinopathies related to nivolumab or pembrolizumab treatment from their multicenter review did not resolve after treatment discontinuation, immunosuppression, and/or hormone replacement. These events included hypothyroidism, hyperthyroidism, hypopituitarism, and insulin-dependent diabetes mellitus.[@b50-itt-6-073] From the above investigations, it would appear that irAE of the endocrine system may result in irreversible damage or destruction of the tissues of these organs and often requires not only immunosuppressive treatment, but also permanent hormone replacement therapy. Other non-resolving irAEs reported in Hofmann et al's retrospective analysis included hepatitis, pancreatic insufficiency following pancreatitis, diarrhea, xerostomia, alopecia, and vitiligo.[@b50-itt-6-073] Colitis, which was more often observed with ipilimumab than with other ICIs, occasionally necessitated colectomy, in the setting of either perforation or incomplete response to medical management.[@b15-itt-6-073],[@b81-itt-6-073]

Reports detailing the experience of solid-organ transplant recipients who receive ICI as a last-line treatment for malignancies have emerged revealing swift and irreversible graft dysfunction in some cases, while in other cases dysfunction is either reversed or not observed at all.[@b58-itt-6-073]--[@b64-itt-6-073] With the small number of cases reported thus far it is difficult to draw concrete conclusions, although it appears that the risk of graft rejection may be higher with PD-1 blockade as compared with CTLA-4 blockade.[@b61-itt-6-073] Anecdotal evidence suggests that co-administration of low-dose corticosteroids and mTOR inhibitors during ICI treatment may improve graft survival, and further investigation into this possibility is warranted.[@b64-itt-6-073] Therefore, the consequences of irreversible graft dysfunction or loss should be carefully considered before treatment with ICIs in solid-organ transplant recipients.

Fatalities
==========

Several reported fatalities have been directly attributed to ICI-associated irAEs and have involved a range of organ systems. Autoantibody-positive autoimmune myositis was found to be responsible for rhabdomyolysis and third-degree atrioventricular block in one patient who ultimately succumbed to multi-organ failure and likely pneumonia just 26 days after starting nivolumab.[@b65-itt-6-073] Myocarditis was the suspected cause of death in another patient who had a history of Wolff--Parkinson--White syndrome. In this case, Gibson et al reported that the onset of symptoms in their patient started 1 week after the second dose of nivolumab and ultimately culminated in elevated cardiac enzymes, electrocardiogram abnormalities, and ventricular tachycardia despite no history of atherosclerotic cardiovascular disease and no visible motion abnormalities on echocardiogram.[@b66-itt-6-073] Autoimmune hemolytic anemia was discovered by laboratory workup to be the cause of a profound and eventually fatal case of anemia which became symptomatic \<3 weeks after nivolumab initiation.[@b67-itt-6-073] A fatality due to interstitial pneumonitis and acute respiratory distress syndrome was reported by Nishino et al, along with two cases of pneumonitis that resolved with treatment.[@b68-itt-6-073] A case of fatal CNS demyelinating disease was confirmed on autopsy in a patient who began showing nonspecific symptoms \<2 months after starting nivolumab treatment secondary to failure of ipilimumab therapy. Although this patient was described as initially improving with corticosteroids, intravenous immunoglobulin (IVIG), and time, his mental status declined again several months later and IVIG treatment proved ineffective.[@b69-itt-6-073] At least three patients have also been described with fatal fulminant myasthenia gravis, two of which presented \<3 weeks after initiation of ICI treatment and expired just days to weeks later.[@b70-itt-6-073],[@b71-itt-6-073] Another fatal myasthenia gravis case was noted during a Phase Ib trial of combination CTLA-4 and PD-1 blockade with durvalumab and tremelimumab, along with two other suspected treatment-related deaths that were not described in detail.[@b23-itt-6-073] Other ICI trials have reported potential treatment-related deaths, but details are not specific enough to discern the exact etiologies of these events.[@b13-itt-6-073],[@b17-itt-6-073],[@b18-itt-6-073],[@b34-itt-6-073]

Detectable autoantibodies
=========================

In a few instances, reported investigations of irAEs have included analysis of clinically relevant autoantibodies with some very interesting results. Various autoantibodies have been detected after an irAE in patients who have a known history of autoimmunity, but autoantibodies have also been detected subsequent to an event in cases where the patient has no clinical history of autoimmunity.[@b49-itt-6-073],[@b54-itt-6-073],[@b55-itt-6-073],[@b65-itt-6-073],[@b70-itt-6-073],[@b72-itt-6-073],[@b73-itt-6-073] In one case series and in one independent report, four of six patients who experienced acute-onset insulin-dependent diabetes mellitus were found to be positive for one or more well-described type 1 diabetes mellitus-specific autoantibodies including insulin autoantibody, glutamic acid decarboxylase autoantibody, and anti-islet cell autoantigen (also known as islet antigen 2).[@b54-itt-6-073],[@b55-itt-6-073] These cases demonstrated precipitous onset of autoimmune type 1 diabetes with diabetic ketoacidosis and detectable autoantibodies in patients aged \>55. Several patients with clinical signs and symptoms of myasthenia gravis following ICI treatment have been found to be positive for myasthenia gravis-associated autoantibodies. Multiple patients tested positive for anti-acetylcholine receptor antibodies (AChR) and at least one case described positivity for AChR blocking antibodies, AChR modulating antibodies, and anti-striated muscle (striational) antibodies all in the same patient.[@b34-itt-6-073],[@b70-itt-6-073],[@b71-itt-6-073],[@b74-itt-6-073] A range of other positive, specific and nonspecific autoantibody findings have also been described including antinuclear antibodies, anti-Ro/SSA, anti-La/SSB, rheumatoid factor, and others.[@b49-itt-6-073],[@b75-itt-6-073]

Detection of autoantibodies during an adverse event would confirm an immune-mediated etiology of the event in question, but unfortunately this approach appears to lack sensitivity. Whether this reflects the underlying mechanism of the event, an inability to assay an as-yet undescribed autoantibody, or simply an inability to detect a very low level of the specific autoantibody involved is not known. In some cases, however, subclinical levels of autoantibodies have been detected in pretreatment samples from patients who went on to develop an autoantibody-positive irAE.[@b34-itt-6-073],[@b70-itt-6-073],[@b73-itt-6-073] Of course, not all cases of irAEs with detectable autoantibody positivity had pretreatment samples available for testing, and even when available, it appears that very few patients with specific, corresponding, and detectable autoantibodies after an irAE were also found to be low-level positive before treatment. The existence of cases where positivity for low levels of autoantibodies is discovered prior to ICI treatment and which subsequently develop a correlating irAE supports the theory that ICIs remove peripheral tolerance of preexisting self-reactive T-cells. The detection of specific autoantibodies before treatment and after treatment and their significance in relationship to any irAEs which develop is an area of considerable interest which may prove valuable in irAE prediction and merits further investigation.

Preexisting autoimmunity
========================

Another facet of the discussion on irAEs which warrants mention here is the issue of ICI treatment in patients with a history of autoimmunity. Patients with known autoimmunity were excluded from clinical trials of ICIs, ostensibly for fear of autoimmune exacerbations and unacceptable toxicity among these patients based on the presumed overlap between the mechanism of action of the ICI class of drugs and the pathophysiology of autoimmunity. As ICIs have moved from the realm of clinical trials into the standard-of-care space, we are seeing reports of patients with preexisting autoimmunity who do in fact develop exacerbations with these treatments.[@b72-itt-6-073],[@b76-itt-6-073]--[@b80-itt-6-073] However, there have recently been two retrospective reviews of patients with autoimmune diseases receiving ICI treatment which have each reported similar and somewhat surprising findings.[@b82-itt-6-073],[@b83-itt-6-073] In a series of 30 patients with autoimmunity at baseline who received ipilimumab, 27% experienced a flare of their underlying autoimmunity and 33% experienced an irAE of ≥ grade 3 not related to their baseline autoimmune condition including one colitis-related death; three patients fell into both categories. They describe 15 patients (50%), however, who experienced neither an autoimmune flare nor a grade 3-or-higher event. Overall, 20% of the patients that Johnson et al reviewed had an objective response to ipilimumab treatment regardless of whether or not their underlying autoimmune condition flared.[@b82-itt-6-073] In another series describing pembrolizumab treatment in 52 patients with baseline autoimmune disease, 38% of patients experienced a flare (with 17 of these 20 flares being grade 1--2), and 29% of patients experienced other irAEs (10 of these 15 events were also grade 1--2). Overall, 33% of patients reviewed by Menzies et al had an objective response to anti-PD-1 treatment regardless of the condition of their autoimmune disease activity.[@b83-itt-6-073] In one rare report, a patient receiving ipilimumab actually experienced a decrease in preexisting colitis symptoms during treatment.[@b84-itt-6-073] In another unique report, Uemura et al describe treatment of a patient with metastatic melanoma and a history of severe Crohn's colitis with simultaneous pembrolizumab and tocilizumab, transitioned later to pembrolizumab and adalimumab. The patient had a clinical complete response of her metastatic melanoma without clinical symptoms of Crohn's disease.[@b85-itt-6-073] Although limited in the sense that these series and reports are retrospective in nature and constitute a small number of cases, this evidence suggests that preexisting autoimmunity is not an absolute contraindication to treatment with ICIs, especially since many of these patients received benefit from treatment and reported durable antitumor effects.[@b82-itt-6-073],[@b83-itt-6-073]

irAE correlation with tumor response
====================================

It has been hypothesized that an irAE may be a positive predictor of treatment response related to the mechanism of action of the ICI and its ability to fuel an immune response in the patient, but research into this area has had mixed conclusions. One group reports that the occurrence of an irAE of any severity or an irAE requiring corticosteroid treatment did not affect overall survival or time to treatment failure in their retrospectively analyzed cohort of melanoma patients treated with ipilimumab.[@b51-itt-6-073] Freeman-Keller et al, however, report that in their analysis of patients on trial with nivolumab and peptide vaccines for resected or unresectable melanoma, the occurrence of irAE of any grade, the occurrence of rash, or the occurrence of vitiligo was associated with an increased overall survival as compared to groups without these findings.[@b86-itt-6-073] In yet another study, Sanlorenzo et al report that cutaneous adverse events secondary to pembrolizumab were associated with an increased progression-free interval. The group also noted that hypopigmentation events in their cohort were only identified in melanoma patients, and, of the seven such events observed, only one patient's tumor progressed.[@b87-itt-6-073] A prospective study specifically focusing on vitiligo in melanoma patients treated with pembrolizumab reported an objective response rate of 71% in the group experiencing vitiligo as compared to a 28% objective response rate among those who did not develop vitiligo. This group pointed out that their detection of vitiligo in 25% of their pembrolizumab-treated melanoma patients, which is higher than reported anywhere else thus far, was most likely due to their thorough, prospective examinations of their patients specifically for this finding.[@b88-itt-6-073] More exploration of the theory that irAEs could be correlated with treatment response is warranted, but there are limitations to this analysis, which will be discussed below.

Etiology of irAEs revisited
===========================

The antigenicity of certain melanoma-associated proteins and the presence of autoantibodies to these proteins in the serum of melanoma patients have been described prior to the development of the ICI class, as has the positive prognostic value of hypopigmentation in melanoma patients.[@b89-itt-6-073]--[@b91-itt-6-073] Perhaps it is safe to assume that ICIs enhance the antitumor immune response indicated by autoantibody presence, and that cross-reaction of the neoantigen-directed antitumor response with normal melanocyte constituent proteins is the etiology behind the characteristic hypopigmentation. If vitiligo in melanoma patients first described decades ago is the same reaction that ICIs are potentiating today, then the observed effect would be an enhanced antitumor response and an apparent positive correlation between the irAE of vitiligo and the tumor response due to this cross-reactivity. A similar effect with a slightly different tumor and cross-reactive target could explain the observation that cutaneous irAEs in melanoma patients other than vitiligo also appear to be correlated with improved outcomes. In fact, the Sanlorenzo group's study, which correlated cutaneous adverse events with an increased progression-free interval, comprised 80% melanoma patients.[@b86-itt-6-073]--[@b88-itt-6-073] Johnson et al explored this cross-reactivity theory of the etiology of irAEs in their description of two patients receiving the combination of ipilimumab and nivolumab who presented with fatal fulminant myocarditis and rhabdomyolysis. They describe a thorough postmortem evaluation of both patients' tumor, cardiac, and skeletal muscle tissues wherein they were able to demonstrate clonal expansions of T-cells in all three tissues of both patients. The theory proposed by this group is that one or more targets of each of the patients' antitumor immune responses were shared or very similar to antigens also expressed normally in skeletal and cardiac muscle.[@b92-itt-6-073] This theory is emphasized and supported by a short review of the Johnson group's work where Cheng and Loscalzo suggest that the cardiac irAEs observed in the Johnson report are due to low selectivity among the tumor-reactive T-cell population, and thus cross-reactivity with normal tissues.[@b93-itt-6-073]

When all of the above evidence is considered, it suggests that irAEs are actually due to two separate etiologic pathways, as illustrated in [Figure 1](#f1-itt-6-073){ref-type="fig"}. First, the aforementioned hypothesis of preexisting tolerated self-reactive T-cells being deregulated in the periphery, and second, the theory of cross-reactivity between the target of an individual patient's antitumor immune response and normal tissues which share these same or similar targets. If this paradigm is correct and irAEs are in fact due to two different etiologies, then any investigation into their correlation with outcomes or the ability to predict these events is potentially confounded by this biologic difference.

For the purposes of predicting adverse events, it may be possible to relate irAEs due to tumor-independent autoreactive T-cells with preexisting biomarkers such as high-risk HLA haplotypes or serum screening for low-level detectable autoantibodies. Indeed, investigators have proposed various strategies to this end, but data on the validity and feasibility of these strategies are not available as of yet.[@b94-itt-6-073] Predictive biomarkers for cross-reactive irAEs between a patient's tumor and the patient's normal physiologic constituents may be more difficult to identify as each patient's tumor will produce its own complement of neoantigens. On the other hand, a biomarker that is independent of the etiology of an irAE would have greater utility and flexibility in clinical practice as it would in theory not suffer from this confounder or from the need to be patient-specific or tumor-specific. A recent study out of Japan has proposed the possibility of using routine blood counts as a biomarker of grade 3/4 or lung and gastrointestinal irAEs based on univariate and multivariate analysis of fluctuations in blood counts in melanoma patients receiving nivolumab.[@b95-itt-6-073] This strategy may have merit as an etiology-independent, nonspecific sign of irAEs. However, the multicenter Japanese study focused on changes in blood counts that occurred during an event as compared to baseline measures before treatment. Much more investigation is needed to establish the viability of this method for predictive use prior to the development of a severe event as well as whether this method is generalizable to a wider patient population receiving nivolumab for other malignancies or receiving other ICIs.

Two independent pathways for the development of irAEs would also explain the discordant results of investigations into correlation of irAEs and tumor response. The group of adverse events related to preexisting autoreactive T-cells would likely not be correlated with tumor response, thus confounding the results of correlation studies which included all irAEs such as the Horvat group's study.[@b51-itt-6-073] The correlation signal that starts to appear when these studies analyze more specific events, such as cutaneous irAEs or vitiligo specifically in melanoma patients, may be due to the shift in etiologies of the irAEs being captured from a mixture of the first and second pathways to mostly the second or cross-reactivity pathway. Further research into the area of irAEs should focus on the separation of events by etiology so that they can be more accurately predicted, treated, and correlated with outcomes.

Conclusion
==========

With the recent paradigm shift in cancer treatment toward the harnessing of the immune system, there has been a concomitant shift in the types of side effects observed with cancer treatment. Although a majority of irAEs arising from PD-1, PD-L1, and CTLA-4 blockade appear to be of mild to moderate severity and responsive to corticosteroids or other systemic immunosuppressants, at times these events can be serious, irreversible, or even fatal. For now, the best defense against these irAEs appears to be knowledge of their existence, careful surveillance, and a low threshold for initiating or escalating immunosuppressant treatments.[@b51-itt-6-073] As novel ICIs and their combinations move through clinical trials and gain approval for use in patients with various malignancies and as approved ICIs enter clinical trials for the treatment of a variety of chronic infectious diseases, the issue of irAEs will continue to be an area of active investigation. Researchers and clinicians should focus future efforts on clarifying the pathogenesis of these events in order to reduce the confounding effects that may currently be present in the literature, with the ultimate goal of using this powerful new tool in the safest and most effective way possible.
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![Peripherally tolerized T-cells and their target antigens in irAEs.\
**Notes:** In both tumor environments, neoantigens caused an anti-tumor immune response, which has subsequently been downregulated through immune checkpoint pathways. **(A)** Self-reactive peripheral T-cells have also been tolerized through immune checkpoints. Treatment with immune checkpoint inhibitors in this environment will lead to activation and upregulation of both the anti-tumor and an autoimmune reaction. If the tumor-specific response is weak or nonexistent in this setting, the autoimmune irAE will appear in isolation without a corresponding tumor response. **(B)** The tumor-reactive tolerized T-cell not only displays affinity for tumor neoantigens, but also for similar self-antigens on healthy tissue. Immune checkpoint inhibitor treatment in this environment will lead to a cross-reactivity irAE in addition to a tumor-specific response. If the tumor-specific response is weaker than the cross-reactive response, it may also appear that and irAE has occurred in isolation in this setting.\
**Abbreviation:** irAE, immune-related adverse event.](itt-6-073Fig1){#f1-itt-6-073}
